Higgs boson production in association with two forward jets and a central photon at the CERN Large Hadron Collider is analyzed, for the Higgs boson decaying into a bb pair in the m H < ∼ 140 GeV mass region. We study both irreducible and main reducible backgrounds at parton level. Compared to the Higgs production via vectorboson fusion, the request of a further photon at moderate rapidities dramatically enhances the signal/background ratio. Inclusive cross sections for p γ T > ∼ 20 GeV can reach a few tens of fb's. After a suitable choice of kinematical cuts, the cross-section ratio for signal and irreducible-background can be enhanced up to > ∼ 1/10, with a signal cross section of the order of a few fb's, for m H ∼ 120 GeV. The request of a central photon radiation also enhances the relative signal sensitivity to the W W H coupling with respect to the ZZH coupling. Hence, a determination of the cross section for the associated production of a Higgs boson decaying into a bb pair plus a central photon in vector-boson fusion could help in constraining the bbH coupling, and the W W H coupling as well. A preliminary study of QCD showering effects points to a further significant improvement of the signal detectability over the background.
Introduction
Higgs boson search is one of the main tasks of present and future collider experiments. The Higgs mechanism, responsible for the electroweak symmetry breaking (EWSB) in the Standard Model (SM), predicts the existence of a scalar particle, the Higgs boson, that is still eluding any direct experimental test. The fact that the Higgs boson mass is not predicted in the SM, ranging from the present experimental lower limit of 114 GeV [1] , up to the theoretical upper bound of about 800 GeV [2, 3, 4] , makes this search more difficult. Despite the large theoretical uncertainty on its mass, present precision tests of electroweak observables indicate that the data consistency in the SM requires a light Higgs [1] , that is in a range close to the present experimental lower limit. Moreover, in the minimal supersymmetric extension of the SM the lightest Higgs scalar is expected to be lighter than about 135 GeV [5] . Clearly, the discovery of the Higgs boson would be a fundamental handle in pinpointing the EWSB mechanism, possibly shedding some light on physics scenarios beyond the SM.
Higgs boson production mechanisms at colliders have been intensively analyzed in the literature [6] . The fact that Higgs couplings to particles are proportional to their masses makes Higgs production mechanisms and search strategies quite peculiar. A light Higgs boson (with m H < ∼ 135 GeV) mainly decays into bb pairs, making its experimental search very challenging at hadron colliders, because of large backgrounds from QCD b-quark production. At the CERN Large Hadron Collider (LHC), the Higgs boson is expected to be produced with high rate via either gluon or vectorboson fusion (VBF) mechanisms. A possible way to tame the huge QCD background in the search of a light Higgs boson is to look at its rare decays. In particular, the H → γγ [7] , H → τ τ [8] , and H → Z * Z * → 4ℓ channels are particularly promising, allowing the observation of the signal in a moderate background environment.
On the other hand, it would be crucial to make at the LHC also a measurement of the Hbb coupling [9] . To this aim, Higgs production via VBF, with the Higgs boson decaying into a bb pair, has been analyzed in [10] . The VBF characteristic signature is the presence of two forward jets with a typical transverse momentum of the order of M W , allowing a quite effective reduction of the background. Nevertheless, different sources of QCD backgrounds and hadronic effects, that are hard to control, make the relevance of this channel for a Hbb determination presently difficult to assess.
Another potential channel for a Hbb coupling measurement is the associated production Htt, where the Higgs boson is radiated by a top-quark pair [11, 12] . Unfortunately, recent studies that include dectector simulation, see for instance Ref. [13] , have lowered the expectations on the discovery potential of this channel.
In this paper, we consider a further process that could help in determining the Hbb coupling, that is the Higgs boson production in association with a large transversemomentum photon (with p T > ∼ 20 GeV) and two forward jets pp → H γ jj → bb γ jj + X ,
with H decaying to bb, where at the parton level the final QCD parton is identified with the corresponding jet. The Feynman diagrams that are dominant for this process at the parton level are the ones involving VBF. They are shown in Figure 1 , where the Higgs decay to bb is not included. In principle, final states bb γ jj can also arise from photon radiation from one of the two b-quarks coming from the Higgs boson decay, via the process pp → H(→ bb γ) jj. In our study, we will not include the latter set of diagrams, since the requirement of a large p T photon would shift in that case the bb invariant mass outside the experimental bb mass resolution window around the Higgs mass. We will then assume that the effect of diagrams with photons arising from the final b's will vanish after applying the Higgs mass constraint in the event analysis of the bb γ jj final state.
There is a number of advantages in considering this QED higher-order variant of the VBF Higgs production process pp → H(→ bb) jj. The fact that the production rate is penalized by the electromagnetic coupling is compensated by a few peculiarities of the channel in Eq. (1) . First of all, the presence of an additional high p T photon can improve the triggering efficiencies for multi-jet final states, such as those needed to select pp → H(→ bb) jj events. Second, there is a large gluonic component entering the partonic processes giving rise to the QCD backgrounds to the bb γ jj final state. As a consequence, the QCD backgrounds are in general much less active in radiating a large p T photon with respect to the VBF signal. In addition there are further dynamical effects that dramatically suppress the radiation of a central photon in the irreducible QCD background to bb γ jj with respect to the VBF channel, as we shall see in Section 3.
The requirement of a central photon is also expected to strongly reduce the contribution arising from alternative Higgs boson production processes, such as the one coming from the virtual gluon fusion g * g * → H diagrams [14] , with a photon radiated from any external quark leg * . This expectation is confirmed in our analysis.
The requirement of having two jets with high p T in the final states also suppresses any contamination from the one-loop→ Hγ process, that has anyhow a quite low cross section at the LHC [15] .
There is a further issue that increases the potential of the process in Eq. (1) for the determination of Higgs boson couplings. We will see that the requirement of a central photon depletes the HZZ amplitudes with the respect to the HW W ones in Figure 1 . As a consequence, the relative sensitivity to the HW W coupling is considerably increased in the radiative channel. Hence, a measurement of the bb γ jj rate could lead to a combined determination of the Higgs boson couplings to b quarks and W vector bosons, with less contamination from the HZZ coupling uncertainties.
In [16] , another method for extracting information on the Hbb coupling has been suggested through the Higgs boson production in association with a W plus two forward jets. In this case, the main reducible backgrounds are given by the W bbjj and ttjj final states, and can be suppressed by proper kinematical cuts. However, the requirement of a leptonic decay of the W limits the event statistics. In the following, we will compare the corresponding rates with the bb γ jj ones that we analyze here.
The plan of the paper is the following. In Section 2, we go through the main kinematical and dynamical characteristics of the process in Eq. (1) . We also discuss the features of the main QCD irreducible background. Section 3 is devoted to the discussion of the destructive quantum interference mechanism that is largely responsible * Note that the virtual gluon fusion diagrams g * g * → Hγ, where a photon is attached to the top-quark loop, exactly vanishes according to charge conjugation invariance. [17] ), that are not included in the cross sections shown.
both for the improvement in the signal-to-background ratio of the channel considered, and for its increased sensitivity to the W W H coupling. In Section 4, the signal rates are computed at parton level for a set of kinematical cuts that optimizes the signal/background ratio, restricting the analysis to the case of the irreducible background. Some relevant kinematical distributions are also shown, and compared with the ones for the basic VBF process Hjj. In Section 5, the main reducible background channels are included in the analysis. Some preliminary study of parton-shower effects and jet veto strategies, that turn out to improve the signal detectability, is performed in Section 6. Finally, in Section 7, we draw our conclusions.
Signal and irreducible background
Cross sections for the H γ jj production at √ S = 14 TeV are shown in Table 1 . In order to present results as inclusive as possible only a minimal set of kinematical cuts is applied (∆R γj > 0.4, p γ T ≥ 20 GeV, and m jj > 100 GeV). The cut on the invariant mass of the final quark pair (m jj ) avoids the contribution from resonant HW γ, HZγ associated production. The Higgs boson branching ratios to bb, which are not included in the cross section results, (computed through HDECAY [17] ), are also shown. The full tree-level matrix elements for the electroweak process pp → H γ jj have been computed independently with ALPGEN [18] , and MadEvent [19] . Details on the values of the input parameters, such PDF's and scales are given in Section 4.
For comparison, the inclusive H W jj cross section, with a further cut |m 2 ik | > 100 GeV 2 on the invariant mass of any ik initial-final quark pair to avoid singularities due to t-channel virtual photons, is 73 fb, for m H = 120 GeV. Requiring the leptonic (either µ ± and e ± ) signature for the W [16] , one ends up with a rate for the H γ jj signal of about 4 times the H ℓν jj rate, in the relevant m H range. This factor increases, when more realistic kinematical cuts are applied (see Section 4) .
Since lows we will assume two different setups for the high p T photon threshold: either p γ T ≥ 20 GeV or p γ T ≥ 30 GeV, the latter being more conservative in the case the electromagnetic trigger requires a larger photon transverse momentum.
It is useful to recall here the main kinematical properties of a typical VBF event, that is pp → H jj, and the corresponding backgrounds, assuming the H → bb decay, for m H < ∼ 140 GeV. We will see in the next section that the request of a further large p T photon tends to enhance the peculiar kinematical features of a VBF event. In Figure 2 , the basic partonic process for a VBF event, namely→ qqH, is shown, where the two final quarks hadronize in two jets. The typical VBF signature consists of two jets with large invariant mass, widely separated in rapidity, and with a typical transverse momentum of p T ∼ 40 GeV, the Higgs boson decay products lying at intermediate rapidities. In particular, while one of the two jets is produced quite along the beams, with a pseudorapidity (η) distribution peaked around η ∼ 3 − 4, the other one is mainly backward, although still in the central detector, with |η| < ∼ 2.5.
For the Higgs boson decaying to a bb pair, the main background to the basic VBF process comes from the QCD production of the final state bbjj, whenever the bbjj kinematical characteristics approach the typical VBF configuration. Here, j stands for a jet originating from either a light quark (u, d, s, c) or a gluon. Seven representative classes for the bbjj background Feynman diagrams at parton level are given in Figure 3 (a−g), where all external partons, but the bb final pair, can be either quarks or gluons.
Although the inclusive cross section for the pp → H(→ bb) jj signal is quite large, of the order of a few pb's, the extraction of the signal from the background is not at all straightforward, being the latter dominant over the signal by a few orders of Let us now consider the VBF Higgs production when a further central photon is emitted, namely pp → H γ jj. The Feynman diagrams for the signal in Figure 1 are now to be confronted with the QCD background corresponding to the requirement of a further high p T photon in the diagrams in Figure 3 . For instance, in Figure 4 (a−g), we show the relevant diagrams for one of the leading classes of contributions, i.e. the one related to Figure 3 (a).
According to the usual pattern of QED corrections, one might expect the request of a further hard photon to keep the relative weight of signal and background quite stable. Were this the case, the rates for pp → H γ jj and its background would be related to a O(α) rescaling of the rates for the H jj signal and its background, respectively, where α is the fine electromagnetic structure constant . Then, the S/B ratio would not be much affected. On the other hand, both the H γ jj signal and its background statistics would decrease according to the rescaling factor O(α). Consequently, if (S/ √ B)| H(γ) jj is the signal significance for the VBF process (with) without a central photon, one would expect the signal significance for pp → H γ jj to fall down as
| H jj with respect to the basic VBF process. On this basis, one would conclude that there is no advantage in considering the H γ jj variant of the H jj process, apart from the fact that the presence of a hard photon in the final state can improve the triggering efficiency of the detectors.
In the next section, we will show that this pattern does not hold in general. The QED naive expectations definitely hold for inclusive processes, but they do not necessarily apply when restricted regions of phase space are considered. Indeed, we will see that the naive QED rescaling fails for the main background processes considered here, when relevant sets of kinematical cuts are imposed. In particular, the requirement of a further central photon gives rise to a dramatic increase (by more than one order of magnitude) in the S/B ratio, while the signal cross section roughly follows the naive QED rescaling.
Destructive interferences in central photon emission
We will now go through the main partonic components of the irreducible QCD bbjj background to the VBF process, in order to study how the request of a further central photon affects each of them, and the overall balance among them.
In our study of the irreducible background, we will not consider the electroweak production of bbjj final states (nor its extension to the bbγ jj case), through, e.g., the mediation of a Z ( * ) /γ * → bb decay. The latter contributions have cross sections not much larger than those of the signal considered here (see Section 4, and [10] ). On the other hand, their typical bb invariant mass is well below the Higgs boson mass range we are considering in the present study. Hence, we do not expect any contamination from this background for the foreseen experimental resolution on m bb .
In the first two columns of Table 2 , we show the absolute (σ i ) and fractional (σ i /σ) cross sections for the QCD bbjj background corresponding to the different classes of partonic processes. An optimized set of kinematical cuts enhancing the S/B ratio [that will be discussed subsequently in Section 4, cf. Eqs. (2) and (3), set 1] is applied. The main effective constraints for the bbjj channel, apart from the jet isolation, 9 sub-processes Table 2 : Partial contributions σ i (σ γ i ) in pb (fb) of the partonic sub-processes to the total cross section σ = 103 pb (σ γ = 33.5 fb), corresponding to the background process pp → bb jj (γ), for m H = 120 GeV. Optimized kinematical cuts (set 1), as defined in Section 4, Eqs. (2) and (3), are implemented. The numbers in parenthesis correspond to the numerical errors on the last digit.
are a large invariant mass for the final jj system, namely m jj > ∼ 800 GeV, and the restriction on the bb invariant mass to be inside a window of m H (1 ± 10%). After applying these cuts, and considering the m H = 120 GeV case, the total QCD bbjj cross section turns out to be σ ≃ 103 pb.
Most of this cross section is due to the classes of diagrams involving gluons in the t-channel, as represented in Figure 3 (a−c). In particular, the latter give the main contributions to the cross sections for the subprocesses gg → bb + gg and gq → bb + gq,→ bb + qq, and′ → bb +′ , where q ′ = q. Subleading QCD contributions in Figure 3 (d−g) come from the fusion of initial partons in s-channel type diagrams, like in gg → bb + qq,→ bb + gg,→ bb + q ′q′ , with q ′ = q. Indeed, the s-channel propagator depletes these contributions with respect to diagrams (a−c), when a large invariant mass for the jj system is required.
Then, in the third and fourth columns of Table 2 , we report the absolute (σ γ i ) and fractional (σ γ i /σ γ ) production rates, respectively, for the different classes of diagrams contributing to the QCD bb γ jj background to the H γ jj signal. The optimized set of kinematical cuts (as in Section 4, Eqs. (2) and (3), set 1) is applied for m H = 120 GeV. The corresponding total QCD bb γ jj cross section is σ γ ≃ 33 fb.
One can see that the leading contribution to total cross sections is provided by the subprocess gq → bb gq(γ), giving more than 50% in both the bb jj and bb γ jj cases. Next comes the gg → bbgg(γ) channel, with contributions of roughly 24% and 12% to
0.005 % Table 3 : Partial contributions σ γ i [no b rad] (fb) of the partonic sub-processes to the total cross section σ γ [no b rad] =17.12(6) fb for to the background process pp → bb jj γ, when the photon radiation off b−quarks is switched off. The general setup is the same as in Table 2 .
the σ and σ γ total cross sections, respectively. The set of kinematical cuts imposed (in particular the large invariant mass of the jj system) requires quite large partonic energy fractions for the initial partons. This should suppress the relevance of gluon initiated channels with respect to the valence-quark initiated channel. Nevertheless, gluon initiated processes keep a leading role in contributing to the total background cross sections. Now we can see why requiring a further central photon in VBF dramatically improves the detectability of the signal over the background. On the one hand, the requirement of a p γ T > ∼ 20 GeV central photon in the Higgs boson VBF production decreases the production rates by a bit less than two orders of magnitude (i.e. accordingly to the naive QED scaling expectations), as we will see in Section 4 (cf. Tables 4 and 5). On the other hand, Table 2 shows that all the classes of partonic subprocesses that contribute by more than 1% to the irreducible-background cross sections are reduced by more than three orders of magnitude as an effect of requiring a further large p T photon, giving an overall reduction factor in the background cross section of σ γ /σ ∼ 1/3000. In particular, we can see that the cross section for the second leading source of background for the basic VBF, that is the gg → bbgg channel, is reduced by more than a factor 1/6000 after the photon requirement, falling from ∼ 25 pb down to ∼ 4 fb for the gg → bbgg γ channel. This is because gluons are neutral, and photons can only be emitted by the bb pair in this channel. Furthermore, the photon radiation by b quarks is also naturally suppressed by the down-quark electric charge.
The contribution arising from photon emission in the subprocesses gq → bb + gq,′ → bb +′ , and→ bb +might in principle be larger. Nevertheless, as shown in Table 2 , it is reduced approximately by a factor 1/3300, 1/2000, and 1/1500 for the gq,′ andinitial states, respectively, which is still an order of magnitude below the naive expectation for QED radiative corrections.
This result can be explained in the following way. When the photon is forced to be emitted in the central rapidity region (here, we are requiring in particular for the photon pseudorapidity |η γ | ≤ 2.5), a destructive quantum interference arises between the photon emission off the initial quark radiating a gluon (or any other neutral vector boson) in the t channel, and the photon emission off the corresponding final quark. For instance, in the set of seven diagrams shown in Figure 4 Figure 4 , the photon is emitted from a b-quark line. For the b-quark emission, no destructive interference is expected, and its contribution turns out to be important, and even dominant, in many classes of diagrams in Table 2 , even if it is controlled by the down-quark electric charge. This is shown in Table 3 , where we compute again the entries of Table 2 for the radiative background bb γ jj after switching off the photon radiation from b−quarks in the complete matrix element. The background total cross section falls down to σ γ [no b rad] =17.3(3) fb in this case.
The destructive interference effect for central hard photons is even more manifest in Figure 5 , where we plot the photon pseudorapidity distribution for the irreducible QCD background pp → bbγ jj (solid curve). The effect of switching off the photon radiation from b quarks in the complete matrix element of the process is shown by the dashed line. The optimized kinematical cuts (set 1) defined in Section 4 [Eqs. (2) and (3)] and m H = 120 GeV are assumed. From the plot, one can see the relative weight of the photon radiation off initial/final (non b) quarks. The dashed line clearly shows a deep corresponding to the photon central rapidity region, and arising from the destructive interference between initial and final quarks radiation. This deep is only partially filled by the photon radiation off b quarks. We also checked that the down to values as low as 5 GeV. In fact, the behaviour of a photon with a p T as low as 20 GeV at LHC energies is already well described by the eikonal approximation.
For the signal case of the H γ jj production (Figure 1) , the above mechanism of destructive interferences affects only the diagrams involving the ZZ fusion. On the other hand, in the diagrams involving W W fusion (that are responsible for the dominant part of the basic VBF H jj cross section) the charged currents in the′ W vertices change the electric charges of the in-out partons, and consequently the interference is now additive rather than destructive. Therefore, the cross section for H γ jj is expected to follow the usual pattern of QED corrections as far as its W W fusion component is concerned. The relative contribution of the ZZ fusion will be instead remarkably smaller than in the case of the basic VBF H jj process.
In order to prove this last statement, we selected, among all possible subprocesses contributing to pp → H (γ) jj, a first set of subprocesses (named N) mediated only by the ZZ fusion, namely→ H(γ)qq [in particular, we summed up cross sections for q = (u, d, s, c,ū,d,s,c)], and a second set of subprocesses (named C) mediated only by the W W fusion [in this case, we summed up the 8 cross sections of the type uc → H(γ) ds]. Calling σ (N,C) the cross sections for the two latter sets, we computed the following ratios among the radiative and the non-radiative processes at the LHC σ (N ) (Hγ jj) σ (N ) (H jj) = 0.0016 , σ (C) (Hγ jj) σ (C) (H jj) = 0.013 , where we applied the cuts p γ T ≥ 20 GeV, |η γ | ≤ 2.5, and ∆R jγ ≥ 0.7, assuming m H = 120 GeV. It is then clear that the radiation is suppressed in the presence of the HZZ vertex.
This property enhances the sensitivity of the H γ jj cross section to the W W H coupling. Hence, a determination of the W W H coupling at the LHC could benefit also from a measurement of the H γ jj cross section.
On the same basis, one can expect that the above destructive interference effect will also reduce the contribution from central photon radiation in the Higgs production through the g * g * → H process, giving also rise to H γ jj final states. We verified that this is indeed the case. After applying the basic kinematical cuts in Eq. (2), Section 4, with p γ T ≥ 20 GeV, we obtain a reduction factor of about 8 · 10 −4 for the H γ jj cross section arising from the g * g * → H channel with respect to the corresponding H jj cross section. In particular, the absolute value of the H(→ bb)γ jj cross section turns out to be 0.21 fb, which makes the impact of the g * g * → H process on the present analysis negligible.
Cross sections for the signal versus the irreducible background
The numerical results presented in this section have been independently obtained by the Monte Carlo event generators ALPGEN [18] , and MadEvent [19] .
The signal is calculated in the narrow width approximation, i.e. we computed the exact lowest-order matrix element for the process pp → Hγ jj, and then let the Higgs boson decay into a bb pair according to its branching ratio and isotropic phase space. After the decay, cuts on the b−quark jets are implemented.
For the irreducible pp → bbγ jj background, we computed all the matrix elements at O(α 4 s α), neglecting O(α 2 s α 3 ), O(α s α 4 ) and O(α 5 ) contributions and their interference with the O(α 4 s α) contribution. We checked that this has no numerical impact on the results.
The present study is limited at the parton level, apart from some preliminary analysis of parton-shower effects presented in Section 6. A more complete simulation, that takes into account showering, hadronization and detector simulation, even if Table 4 : Cross sections for the signal and the irreducible background for the basic event selections in Eq. (2). Higgs production cross sections include the Higgs branching ratios to bb. The signal and irreducible background production rates for the VBF process without photon are also shown.
crucial for the assessment of the potential of this channel, is beyond the scope of the present paper. As PDF's, we use the parametric form of CTEQ5L [20] , and the factorization/renormalization scales are fixed at µ 2 F = µ 2 R = E 2 t and µ 2 F = µ 2 R = m 2 H + E 2 t for the backgrounds and signal, respectively (E t is the transverse energy of any QCD parton). The three Higgs-mass cases 120, 130 and 140 GeV are analysed.
We start by the definition of two basic event selections (sets 1 and 2) that differ only by the threshold on the photon transverse momentum p γ T :
where ik is any pair of partons in the final state, including the photon, and ∆R ik = √ ∆ 2 η ik + ∆ 2 φ ik , with η the pseudorapidity and φ the azimuthal angle. Note that the m bb cut is only effective on the continuous m bb backgrounds. On the other hand, the finite m bb resolution will also affect the following analysis of the expected signal event rate that, in the present m H range, has a natural width for the m bb distribution much smaller than the m bb resolution. The cross sections for the above basic event selections are reported in Table 4 . Cross sections for the signal and irreducible background for the VBF Hjj process (named from now on "signal without photon" and "background without photon", respectively) are also shown, assuming the same kinematical cuts.
For comparison, requiring the leptonic (both µ ± and e ± ) signature for the W in the H W jj process [16] , by applying the same event selection of Eq. (2) (with the constraints on the photon applied to the charged lepton, and p ℓ T > 20 GeV), we find a H(→ bb) ℓν jj cross section of 2.1 fb, for m H = 120 GeV. From Table 4 , one then obtains that the rate for the H γ jj signal is about 4.4 times the H ℓν jj rate, for m H = 120 GeV.
With the same event selection of Eq. (2) (Set 1), we also computed the cross section for the bb γ jj final states mediated by an on-shell Z decay Z → bb. For the purely electroweak process, we obtained a cross section of 10 fb, while, for the QCD mediated channel, we obtained a cross section of 26 fb. As we previously noted, we do not expect any contamination from this background, since its typical bb invariant mass is well below the Higgs boson mass range considered here, for the foreseen experimental resolution on m bb .
Before comparing the signal and the background for the H γ jj process, we tried to optimize our event selection in Eq. (2) . Indeed, the signal detectability can be further improved by imposing optimized cuts, that can be deduced by looking at the following kinematical distributions (Figures 6, 7) :
where j1 and b1 denote the leading p T light jet and b− jet, respectively, and m γH is the invariant mass of the γbb system. The most effective cut in reducing the background with respect to the signal is related to the dσ/dm jj distribution in Figure 6 , as already noted in [10] for the case without photon. An interesting general feature is that the shapes of the distributions with and without the photon are similar, as shown by the closeness of the solid and dot-dashed lines on the one side, and of the dashed and dotted lines on the other side, in Figures 6  and 7 . This shows that the effect of QED radiation is dominated by the factorized eikonal approximation, since most of the p γ T values considered are soft with respect to the energy scale of the process. On the other hand, some differences between the radiative and the non-radiative processes are present, that can help significantly in improving the S/B ratio. Indeed, the request of a further central photon tends to enhance the characteristic kinematical features of a typical VBF event. First of all, the jj invariant mass distribution is flatter for the radiative signal than for the non radiative case (see solid and dot-dashed lines in Figure 6 ), while the corresponding backgrounds are almost superimposed. Then, increasing the lower m jj cut does not imply a dramatic reduction of the signal cross section, while it gains a substantial decrease of the background. Second, by adding the photon, the distribution dσ/d|∆η jj | is slightly shifted toward larger |∆η jj | values for the signal, while it moves in the opposite direction for the background. This feature makes a cut on the pseudorapidity separation between the tagging jets even more effective than in the case of the VBF H jj typical event [10] .
By studying the variation of the significance S/ √ B as a function of the cuts on the distributions † , we found an optimized event selection where, in addition to the basic cuts, we impose the following cuts ‡ :
With the above additional requirements, we find the cross sections reported in Table 5 , where also the signal and irreducible background production rates for the VBF process without photon are shown. † This was performed for m H = 120 GeV. For higher Higgs masses the constraints in Eq. 103.4(2) pb 102.0(2) pb 98.4(2) pb Table 5 : Cross sections for the signal and the irreducible background for the optimized event selections of Eq. (3), added to the basic selection in Eq. (2). Higgs production cross sections include the Higgs branching ratios to bb. The signal and irreducible background production rates for the basic VBF process are also shown.
As anticipated in Section 3, one can see in Table 5 that the requirement of the extra central photon with p γ T > ∼ 20 GeV in the final state involves a reduction factor of order 100 for the signal rate with respect to the final state without photon, according to the expectations of the O(α) QED naive scaling. On the other hand, the radiative background is suppressed by a factor of about 3000 with respect to the case of no photon radiation. As also discussed in Section 3, this effect can be understood as due to the quantum destructive interference between the photon emission from the initial quark radiating a gluon in the t channel and the photon emission from the corresponding final quark. Such an effect makes the process bbγjj competitive on the statistical significance with the process bbjj studied in [10] . Furthermore, the presence of an additional photon can improve the experimental triggering efficiencies, provided a good rejection of jets against photons is available [21, 22] .
The effect of the inclusion of optimized cuts as in Eq. (3) is to reduce the signal cross sections by about a factor of two, while the background gets scaled by about an order of magnitude, allowing to reach a S/B ratio for cross sections larger than 1/10 at m H ≃ 120 GeV, for both values of the p γ,cut T . The corresponding ratio for the case without photon is about 1/300. At m H ≃ 140 GeV, both the S/B ratios fall down by about a factor two.
In order to evaluate the expected statistical significance of the signal, we assumed a b−tagging efficiency ǫ b = 60%, and a reduction of the signal number of events by 70% in the window m H (1 ± 10%) (3), with an integrated luminosity of 100 fb −1 . The value ǫ b = 60% for the b−tagging efficiency and a Higgs boson event reduction by ǫ bb ≃ 70%, due to the finite (±10%) bb mass resolution, have been assumed. Jet-tagging efficiency and photon-identification efficiency are set to 100%. Only the irreducible background is included in this analysis.
to the falling branching ratio for H → bb. This is to be compared with S/ √ B| Hjj that ranges from 3.5 down to about 2. A summary of the statistical significances, including only the irreducible background, with an integrated luminosity of 100 fb −1 is given in Table 6 .
Reducible backgrounds
A complete analysis of the reducible backgrounds to the H γ jj signal is beyond the scope of our study. For instance, the potential dangerous contamination coming from π 0 decays into photons can only be studied with a simulation including showering, hadronization and detector simulation, and is left to a further investigation. However, in order to have a sensible estimate of the achievable S/B ratio and statistical significance at parton level, we computed with ALPGEN the cross sections, assuming m H = 120 GeV and with the optimized event selection of Eq. (2) and (3), for three main potentially dangerous processes § :
• pp → γ + 4 jets, where two among the light jets are fake tagged as b−jets;
• pp → bb + 3 jets, where one of the light jets is misidentified as a photon;
• pp → 5 jets, where one of the light jets is misidentified as a photon, and two light jets are fake tagged as b−jets.
With more than two light jets in the final state, the selection criteria need to be specified, in order to avoid ambiguities. Even if some algorithm able to mimic a p γ T ≥ 20 GeV p γ T ≥ 30 GeV σ(pp → γ + 4j) 2.27 (2) realistic analysis should be implemented, we adopt a very simple one, which however should give us a sound estimate of the cross sections. At first, we look for the pair of light jets with the largest invariant mass, and identify the latter as the tagging jets. For the channel γ +4 jets, this is enough to guarantee also a unique assignment for the fake b−jets. In the case of the bb+3 jets final state, once we have specified the tagging jets, the remaining light jet is the one misidentified as the photon. An additional specification is required for the 5 jet channel. After the tagging jet selection, we choose the photon at random among the remaining three light jets. Then, the remaining two jets are the fake b−tagged jets. With the above specifications of the event selection, keeping the same setup for the energy scales and PDF's as in the previous Section, we obtain the cross sections quoted in Table 7 . The quoted cross sections should then be multiplied by the appropriate efficiencies: ǫ 2 fake for pp → γ + 4 jets, ǫ 2 b ǫ γj for pp → bb + 3 jets and 3 ǫ 2 fake ǫ γj for pp → 5 jets, where ǫ fake is the efficiency of mistagging a light jet as a b−jet, and ǫ γj is the rejection factor of a jet against a photon. Adopting the same efficiencies as in Table 6 , and assuming ǫ fake = 1% and ǫ γj = 1/5000 ¶ , we obtain the event numbers for signal and backgrounds shown in Table 8 , assuming m H = 120 GeV and an integrated luminosity of 100 fb −1 . As can be seen in the last line of Table 8 , by including also the reducible backgrounds, the statistical significance decreases by about 14(12)% for p γ,cut T = 20(30) GeV) with respect to Table 6 , where only the irreducible background has been considered. The most dangerous contribution to reducible backgrounds comes from pp → bb + 3j.
A possible way of increasing the number of signal events is to require at least one b−tag instead of two. In fact, with ǫ b = 60%, the effective tagging efficiency becomes 2ǫ b (1 − ǫ b ) + ǫ 2 b = 0.84, instead of ǫ 2 b = 0.36. Then, considering only the irreducible background, the S/B ratio remains unchanged but the significance increases by a factor of about 1.5. We have also performed a preliminary analysis of event numbers assuming single b−tagging and found no improvement. In this case multi-jet backgrounds with one heavy quark and a mistagged jet are very large and difficult to curb.
Parton-shower effects and central jet veto
A feature of the signal is that to leading order no colour is exchanged between the up and down fermionic lines of Figure 1 , since pp → Hγ jj is an electroweak mediated process [23] . Thus the typical scale for QCD radiation is p j T . On the contrary, the diagrams of the background processes are characterized by the presence of t−channel virtual gluons (cf. Figure 4) . Thus the typical scale for QCD radiation is of the order of 1 TeV (m jj + m H ). On these grounds, we can expect that higher-order QCD radiation would be much more relevant for the background than for the signal. The fairly different radiation pattern can be exploited to further enhance the S/B ratio, as suggested in [23] . We investigated qualitatively these features by simulating higherorder QCD radiation with the HERWIG parton shower [24] on top of the partonic unweighted events, generated with ALPGEN with the optimized event selection of Eqs. (2) and (3), set 1. This is not a completely consistent approach, since one is sensitive to the partonic event selection, which has no physical meaning. A more solid study could be done by using a consistent matching procedure between parton shower and multi-parton matrix elements [25] , which amounts to merging together event samples originating from different partonic multiplicities. We have however verified that, restricting our analysis to a sample with cuts tighter than parton level cuts, results are essentially unchanged, and we are therefore confident that a more refined study would lead to not too different results.
Since the aim of this section is simply to give a qualitative estimate of the effects of a realistic event simulation, we will restrict ourselves to the naive procedure of showering the events with partonic cuts corresponding to the final event selection. The value m H = 120 GeV is considered. Jets are defined via a cone algorithm using the routine GETJET [26] , which uses a simplified version of the UA1 jet algorithm, with parameters given by
where R is the jet cone radius. The b−tagged jets are defined as the ones containing the original b quarks.
Given the presence of extra QCD radiation, the identification of light tagging jets, among the remaining ones, is not uniquely defined. We explored two different algorithms: as a first choice, the tagging jets are identified by the highest and second highest p T jets (referred to as algorithm a1); an alternative is to identify the tagging jets as the pair of jets with the highest invariant mass (algorithm a2), compatible with the requirement p j1 T ≥ 60 GeV and p j2 T ≥ 30 GeV. The results are shown in Figure 8 . In particular, the panels in the first raw show the invariant mass distribution of signal and background (solid and dashed histogram, respectively), for tagging jet identifications a1 and a2. While the signal is practically insensitive to the choice between the algorithm a1 and a2, the background shows a large difference. With the choice a1, a large fraction of events gives rise to a sort of peak at low invariant masses. Using this choice to select the tagging jets, while a cut on the invariant mass of the tagging jets m jj ≥ 800 GeV, applied after the shower, would reduce the signal only by about 7%, the background would be reduced by a factor of about two. We expect the peak at low invariant masses to be due to the identification of tagging jets with jets originated from the shower and not containing the original hard partons. This interpretation is confirmed by the panels in the second row, which shows the |∆η jj | distributions for signal and background (solid and dashed histogram, respectively). On the left the eta separation between the tagging jets, defined according to algorithm a1, is shown. While for almost all signal events one has |∆η jj | ≥ 4, a consistent portion of background events displays a smaller rapidity separation. In these events, at least one of the tagging jets originates from higher order parton shower emission. By looking for the pair of jets satifying the tagging requirement p j1 T ≥ 60 GeV and p j2 T ≥ 30 GeV, with the additional constraint of maximum pseudorapidity separation, the correspondence between tagging jets and parton level jets is restored, as shown in the panel on the right.
The lower panels of Figure 8 give an estimate of the jet multiplicity (left) in signal (solid line) and background (dashed line). While in the former case the jet multiplicity shower for signal and background (left), and maximum m jj distribution among all possible jet pairs satisfying the tagging requirements (right). Second raw: |∆η jj | distribution for the highest and second highest p T jets after shower (left), and maximum pseudorapidity separation between jets satisfying the tagging p T thresholds (right). Third row: jet multiplicity distribution for signal and background (left); p T distribution of the third highest p T jet (right).
is sharply peaked at the value of four, in the latter case a much broader spectrum is present. On the right panel the p T distribution of an additional p T ordered jet with p T ≥ 20 GeV and pseudorapidity between the tagging jet η's is shown. After the cut m jj ≥ 800 GeV, a fraction of the order of 60%(50%) of the background events contains at least an extra jet with p T ≥ 20(30) GeV, while only a small fraction (of the order of 2%) of the signal events contain such additional radiation. Thus a veto on additional jet activity in the central rapidity region, proposed for heavy and light Higgs searches in [27] , could be very effective in suppressing the background more than the signal.
In principle, an additional handle to further suppress the background is given by the photon isolation criteria. For instance, we checked that, with our simplified calorimeter, a good choice could be to require no charged tracks with p T ≥ 1 GeV within a cone ∆R ≃ 0.2 around the photon. For a quantitative statement, a full detector simulation is required. However, we expect that, for the present event selection, this kind of photon isolation criteria would actually lead to a small improvement in significance, rather than lowering the significance, as one would naively expect.
Even if a more refined analysis will be necessary for quantitative statements, we expect that the background events could be lowered by a factor of about four with respect to the partonic estimates of previous sections, once showering effects are included in the analysis and a central jet veto strategy is adopted. On the other hand, the signal seems to be almost insensitive to shower and central jet veto effects. This would lead to an improvement of about a factor of two in the signal significance.
Conclusions
In this paper, we studied the detectability of the Higgs boson production signal, when the Higgs boson is accompanied by a high−p T central photon and two forward jets at the LHC. The Higgs boson decay into a bb pair is considered. We analyzed the signal, the irreducible QCD background, and main reducible backgrounds at the parton level. The presence of a photon in the final state can improve the triggering efficiencies with respect to the basic VBF Higgs production without a photon. Moreover, we find that the requirement of a central photon in addition to the typical VBF final-state topology significantly suppresses the irreducible QCD background. In particular, the latter has rates that are lower than the expectations of the O(α) QED naive scaling by more than an order of magnitude. We discussed thoroughly the dynamical effects that are responsible for this reduction. As a consequence, after optimizing kinematical cuts, we obtain a statistical significance S/ √ B for the H(→ bb)γ jj channel that goes from around 3, if m H ≃ 120 GeV, down to about 1.5, if m H ≃ 140 GeV, for an integrated luminosity of 100 fb −1 . These significances are not far from the corresponding values for the basic H(→ bb) jj process without a photon. The latter estimates are based on the irreducible QCD background. The impact of including a few main reducible backgrounds has also been studied, and found to be moderate. A preliminary analysis of parton-shower effects points to a further differentiation between the signal and background final-state topology and composition. In particular, a preliminary analysis of showering and central jet veto effects points to an improvement of S/ √ B by a factor of two. The same dynamical effects that are responsible for the irreducible background suppression also remarkably curb the relative contribution of the ZZ → H boson fusion diagrams with respect to the W W → H ones in the process pp → H(→ bb)γ jj. As a consequence, we think that the study of the H(→ bb)γ jj signal at the LHC could have a role in the determination of both the Hbb and HW W couplings. Further studies, including complete showering, hadronization, and detector simulations, that are beyond the scopes of the present paper, will be needed to establish the actual potential of the process H(→ bb)γ jj in this field.
